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Description
BACKGROUND
Field of the Embodiments

[0001] The various embodiments relate generally to audio signal processing and, more specifically, to techniques for
dynamic sweet spot calibration.

Description of the Related Art

[0002] While listening to audio, the quality of sound generally depends on the relative position of a listener and the
speakers. For example, in a two-speaker stereo system, the ideal position, known as the "sweet spot," is generally any
position approximately equidistant from the two speakers. "Sweet spot" is a term used to describe the focal point between
two or more speakers of an audio system, where an individual may be capable of hearing a stereo audio mix as designers
of the system intended. For a relatively large area (e.g., cinema halls, concert halls, etc.), the sweet spot is typically at
a central location where the sound perceived by the audience is at its best. Audience members that are in locations
outside of the sweet spot may experience sound quality that is relatively poor as compared to the sound quality at the
sweet spot.

[0003] The size and shape of the sweet spot generally depends on any of a number of parameters such as environment
(e.g., room) acoustics, size of the room, and sound source attributes, just to name a few examples. In general, sound
mixing engineers may consider location and distribution of an audience when setting or modifying audio parameters of
a mixing console in order to generate a sweet spot at a location that is proximate to the maximum number of people.
[0004] In some circumstances, open or closed venues, such as arenas, concert halls, theatres, and the like have
preinstalled sound systems which are calibrated only during installation of the sound system. Such calibration may be
designed to generate a sweet spot at a default location, typically a central area, of the venue. At times, however, venues
may only be partially filled or the audience may be concentrated in an area away from than the sweet spot of the venue.
In such cases, the sound system is providing the "best" sound experience to only a relatively small portion of the audience
(e.g., the "best" sound may be provided to empty seats in the venue).

[0005] As the foregoing illustrates, improved techniques for calibrating an audio system to adjust the location of the
sweet spot would be useful.

SUMMARY

[0006] One embodiment of the disclosure sets forth a computer-implemented method for dynamic sweet spot calibra-
tion. The method includes receiving an image of a listening environment; generating a crowd-density map based on the
image; and setting at least one audio parameter associated with an audio system based on the crowd-density map,
wherein at least one audio output signal is generated based on the at least one audio parameter.

[0007] Further embodiments provide, among other things, a system and a non-transitory computer-readable medium
configured to implement the method set forth above.

[0008] Advantageously, the disclosed techniques and system architectures enable a sweet spot to be automatically
generated at a location that is based on audience distribution. Moreover, the location of the sweet spot may be updated
dynamically, in response to changes in the audience distribution.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0009] So that the manner in which the recited features of the one or more embodiments set forth above can be
understood in detail, a more particular description of the one or more embodiments, briefly summarized above, may be
had by reference to certain specific embodiments, some of which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only typical embodiments and are therefore not to be considered
limiting of its scope in any manner, for the scope of the various embodiments subsumes other embodiments as well.

FIG. 1 illustrates a computing device configured to implement one or more aspects of an audio system, according
to various embodiments.

FIGS. 2A and 2B include schematic top and side views of a venue including a stage and a sound system, according
to various embodiments.
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FIG. 3 illustrates captured images of an audience in a venue illuminated by different levels of light, according to
various embodiments.

FIG. 4 is a schematic diagram of a crowd-density heat map of the audience illustrated in FIG. 3, according to various
embodiments.

FIG. 5 is a flow diagram for dynamically determining a location for a sweet spot based on crowd density, according
to various embodiments.

FIG. 6 is a flow diagram of method steps for determining audio parameters for producing a sweet spot at a desired
location, according to various embodiments.

FIG. 7 is a block diagram of a machine learning system for performing the technique illustrated in FIG. 5, according
to various embodiments.

FIG. 8 is a block diagram of a machine learning model for performing the technique illustrated in FIG. 5, according
to various embodiments.

DETAILED DESCRIPTION

[0010] In the following description, numerous specific details are set forth to provide a more thorough understanding
of the embodiments of the present disclosure. However, it will be apparent to one of skill in the art that the embodiments
of the present disclosure may be practiced without one or more of these specific details.

[0011] While listening to audio, the quality of sound depends on the relative position of the listener and the speakers.
In a two-speaker system, the ideal position for the listener, known as the "sweet spot," is generally any position approx-
imately equidistant from the two speakers. The concept of a sweet spot also applies to methods of delivering audio
content using more than two speakers such as, for example, when speaker arrays are used in two-channel audio. Further,
the concept of a sweet spot also applies to multichannel audio content with more than two channels (e.g., various
surround sound systems).

[0012] When available at a venue during a performance, professional mixing engineers typically observe the audience
and try to update audio settings in a sound mixing console to generate a sweet spot so that a maximum number of
audience members are able to experience the "best" audio. In some situations, however, such as in closed venues like
arenas, halls, and theatres, a sound system may be preinstalled or pre-designed by a sound engineer, where the audio
settings are calibrated only during installation of the sound system. In these situations, a default location of the sweet
spot is usually at the center area of the venue.

[0013] There are many times that venues are only partially filled or the audience is concentrated in a portion of the
venue other than the center. In these situations, the best sound may be experienced by a relatively small portion of the
audience.

[0014] Embodiments herein presenttechniques for providing the sweet spot of a sound system in a venue to a relatively
large portion of an audience by dynamically determining where to place the sweet spot. In various embodiments, the
determination may involve a deep learning-based solution that performs a dual task of image quality improvement/en-
hancement and crowd density estimation, as described below.

System Overview

[0015] FIG. 1 illustrates a computing device 100 configured to implement one or more aspects of an audio system,
according to various embodiments described below, for example. As illustrated, computing device 100 includes a proc-
essor 110, input/output (1/0) devices 120, and a memory 130. Memory 130 includes a deep learning-based crowd density
estimation application 140 configured to interact with a database 150 of image data, for example. Computing device
100 may be electrically connected (e.g., wirelessly or wired) to an audio system 160.

[0016] Processor 110 may be any technically feasible form of processing device configured to process data to generate
output, such as by executing program code. Processor 110 could be, for example, and without limitation, a central
processing unit (CPU), a graphics processing unit (GPU), an application-specific integrated circuit (ASIC), a field-pro-
grammable gate array (FPGA), an analog signal processor (ASP) (e.g., an analog noise cancellation circuit), and so forth.
[0017] Memory 130 may include a memory module or a collection of memory modules. Deep learning-based crowd
density estimation application 140 within memory 130 may be executed by processor 110 to implement the overall
functionality of computing device 100. For example, and without limitation, processor 110 may retrieve from database
150 an image of a listening environment, generate a crowd-density map based, at least in part, on the image, and
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determine the one or more audio parameters based, at least in part, on the crowd-density map.

[0018] I/O devices 120 may include input devices, output devices, and devices capable of both receiving input and
providing output. For example, and without limitation, 1/0 devices 120 could include wired and/or wireless communication
devices that send information from processor 110 to audio system 160 and/or multiple speakers 120.

[0019] Memory 130 may include one or more databases 150. For example, and without limitation, database(s) 150
can store captured images of venues in various lightning and/or crowd-density conditions, listening environment (e.g.,
avenue) attributes (e.g., location data, frequency response, history of sweet spot location, and so on), speaker attributes,
and other types of acoustic data, as described below. This database helps in providing the data for pre-training and
periodic fine-tuning of the deep learning-based crowd density estimation application 140.

[0020] FIGS. 2A and 2B include a schematic top view and side view, respectively, of a venue 200 including a stage
205 and a sound system, according to various embodiments. Venue 200 may be fully or partially indoors (e.g., enclosed)
or outdoors, may be of any size, and may be an arena, a stadium, or a theatre, just to name a few examples. Venue
200 comprises a listening area 210 (e.g., a seating and/or standing area) generally within a perimeter 215. An audience
may gather anywhere in listening area 210 to, for example, view and listen to a performance on stage 205. Audio may
be provided to the audience via one or more speakers 220, a few of which are illustrated in FIG. 2. Speakers 220, or
any portion thereof, may be located on or proximate to walls, posts, floor stands or floor 225 (e.g., or ground), and/or a
ceiling, if such structures exist, of listening area 210. The audio may be generated and controlled by audio system 160,
illustrated in FIG. 1, that may be electronically connected, wired or wirelessly, to speakers 220. Moreover, audio system
160 may electrically communicate with, and/or be controlled by, a computing device, such as 100 illustrated in FIG. 1.
[0021] Audio system 160 may generate, via speakers 220, a sound field having a sweet spot in a particular location
of listening area 210. A region 230 in FIG. 2 is illustrated as an example of a possible location of such a sweet spot.
Generally, the size, shape, and location of the sweet spot s a function of a combination of variables and audio parameters,
such as the structure and design (e.g., dimensions, materials, and so on) of venue 200, relative audio power and phase
of the respective audio signals produced by each of speakers 220, relative locations of each of speakers 220 with respect
to one another and to venue 200, and so on. Accordingly, audio system 160 may generate a sound field to have a sweet
spot in any of a number of locations of listening area 210 by operating with a particular set of audio parameters within
constraints presented by a combination of physical variables set forth by venue 200. Such audio parameters may be
provided by computing device 100, for example.

[0022] An audience of venue 200 generally comprises an inhomogeneous distribution of people in listening area 210.
In various embodiments, such a distribution may be expressed as crowd-density, which is a variable that describes the
number of people per unit area. For example, an area 240 may encompass an audience having a first (average) crowd-
density, and an area 250 may encompass an audience having a second (average) crowd-density. Crowd-density of the
audience may vary over the listening area 210. For example, typically a central region of listening area 210 has arelatively
high crowd-density while corner regions of listening area 210 have relatively low crowd-densities. In such cases, a sweet
spot located in the central region will most likely be experienced by a relatively large number of the audience.

[0023] In some situations, however, crowd-density may be highest in areas other than the central portion of listening
area 210. For example, certain types of performances or events on stage 205 may encourage the audience to favor one
side versus the other side of listening area 210. In such cases, a sweet spot located in the central region will most likely
be experienced by relatively few members of the audience.

[0024] In various embodiments, location in listening area 210 may be described by a spherical coordinate system,
though claimed subject matter is not limited in this respect. For example, the location of the sweet spot in region 230
may be at least partially identified by a world coordinate system comprising the variables r, 6, and ¢, wherein ris defined
as the length (e.g., corresponding to a distance) of a vector extending from a central point of stage 205 to the location
of the sweet spot (or any other location for which a location is to be identified). The coordinate 0, is defined as an angle
of rotation of the vector in a horizontal plane, and the coordinate ¢ is defined as an angle of rotation of the vector in a
vertical plane.

[0025] FIG. 3 illustrates captured images of an audience in a venue illuminated by different levels of light, according
to various embodiments. For example, image 310 is an image of an audience 315 captured at a particular time during
an event at a venue, such as 200 illustrated in FIG. 2. Audience 315 comprises individual persons 317 that are located
relative to one another in a fashion that leads to a crowd-density distribution. For example, if a large number of persons
317 are located in a relatively small area of a venue, then the crowd-density of that area of the venue is relatively high.
Accordingly, a count of persons in areas of a venue may lead to a determination of crowd-density. Such a count may
be performed using images of the audience in the venue. In particular, various portions of such images correspond to
various areas of the venue. Thus, a count of individual persons 317 in the various portions of the images may allow for
a determination of crowd-density of the various areas of the venue.

[0026] Success or accuracy of counts of individual persons 317 in various portions of images generally depend, at
least in part, on quality of the images. lllumination of the audience is particularly important. Image 320 is an image of
audience 315 captured at another particular time. The image of audience 315 in image 310 is obscured due to poor light
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conditions (e.g., relatively low light levels illuminating the audience). The image of audience 315 in image 320, on the
other hand, is not obscured thanks to relatively high light levels illuminating the audience. As described below, computing
device 100 may perform a number of processes to allow for determining crowd-density by analyzing the audience
captured in an image. Such processes may involve, for example, image enhancement and deep learning by a convo-
lutional neural network which, in some embodiments, may be a fully convolutional neural network.

[0027] FIG. 4 is a schematic diagram of a crowd-density heat map 400 of audience 315 illustrated in FIG. 3, according
to various embodiments. Heat map 400 is a graphical representation of the crowd-density represented as colors or
contour lines. Forexample, heatmap 400 in FIG. 4 illustrates a first region 410 and a second region 420, each representing
a particular crowd-density value (or range of crowd-density values) corresponding to the crowd-density of audience 315.
In some implementation, as described below, a centroid (or center of "mass") 430 of crowd-density heat map 400 may
be determined and considered to be a desirable location for a sweet spot because such a location tends toward a
substantial maximum number of persons that can experience favorable sound conditions of the sweet spot.

[0028] FIG. 5 is a flow diagram of a process 500 of dynamically determining a location (e.g., a target location) for a
sweet spot in a venue based on crowd density, according to various embodiments. Process 500 may be performed in
a number of functional blocks, each executed by a processor (or one or more processors), such as computing device
100 illustrated in FIG. 1, as described below. Although process steps are described in conjunction with processor 110
of computing device 100 of FIG. 1, persons skilled in the art will understand that any system configured to implement
the process steps, in any order, falls within the scope of the disclosure

[0029] Image enhancement block 510 and crowd-density estimation block 520 are included in a deep learning-based
crowd estimation (DLCE) system 530, which is a type of Deep Neural Network. Image enhancement block 510 may be
a fully convolutional neural network (FCNN) that is pre-trained with images of at least a portion of the venue. Such pre-
training may be performed using pairs of images, each pair including an image of a poorly-lit scene of the venue and
an image of the same scene that is well-lit. For example, images of a scene may be captured twice while controlling
shutter speed of a camera (e.g., long exposure and short exposure). At the image enhancement block 510, processor
110 can process an image of the venue to produce a photographically enhanced version of the inputimage. For example,
any of a number of types of image-enhancing processes may be used at block 510.

[0030] The photographically enhanced version of the image is subsequently provided to processor 110 at crowd-
density estimation block 520, which is also included in the FCNN. At the crowd-density estimation block 520, processor
110 may train a neural network to process an image of an audience to determine the crowd-density (e.g., number of
people per area) for regions visible in the image. During training, earlier convolutional layers can learn to extract primitive
image features such as object edges, object corners, and so on while later convolutional layers can learn to hierarchically
combine the primitive features to build a more abstract semantic understanding of the image, such as shapes of faces,
shoulders, and so on. Accordingly, at the crowd-density estimation block 520, processor 110 may produce a crowd-
density heat map, such as 400 illustrated in FIG. 4.

[0031] Atthe world coordinate mapping block 540, processor 110 may perform any of a number of analytical functions
on the crowd-density heat map. For example, processor 110 may compute the centroid or other parameters of density
distribution of the audience. In some embodiments, the centroid or other parameters may be expressed in image coor-
dinates, which expresses, for example, density of people per pixel (or cluster of pixels). In this fashion, processor 110
may determine a pixel, and corresponding location of the venue, for which there is a maximum density of people in the
image. At the world coordinate mapping block 540, processor 110 may convert the pixel coordinates (which are based
on the image) to world coordinates, which are based on the venue. As described above (e.g., FIGS. 2A and 2B), world
coordinates may be expressed as a spherical coordinate system comprising the variables r, 6, and ¢, wherein ris defined
as the length (e.g., corresponding to a distance) of a vector extending from a central point of stage 205 to the location
of the sweet spot (or any other location for which a location is to be identified). The coordinate 0, is defined as an angle
of rotation of the vector in a horizontal plane, and the coordinate ¢ is defined as an angle of rotation of the vector in a
vertical plane. Any other type of coordinate system (and origin thereof) may be used, and claimed subject matter is not
limited in this respect.

[0032] At the sound localization calculation block 550, processor 110 uses the real world coordinates to update the
previous location of the sweet spot. Processor 110 may dynamically adjust the location of the sweet spot by calculating
the updated location of the sweet spot based, atleast in part, on a recent determination of crowd density and the following
transfer functions:

Hy=Hi(r, 0, ¢, o, o) =Pi(r, 0, ¢, o, o) / Po(r, ®) Equation 1

Hr=Hg(r, 0, ¢, 0, o) = Pr(r, 0, ¢, ®, o) / Po(r, ®) Equation 2
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[0033] The transfer function H, of Equation 1 relates sound intensity to the phase of the left side of a stereo audio
source signal and the transfer function Hg of Equation 2 relates sound intensity to the phase of the right side of the
stereo audio source signal. The coordinates (r, 6, ¢) are used to describe the angular position of the audience where r,
determined at the world coordinate mapping block 540, is the distance from the stage. The variables © and o are the
angular velocity and the phase of the audio source signal, respectively. P, and Pg are the audio signal powers of the
left side and right side of the audio signal. t, and f, represent the original time delay for the audio signal for the left and
right channels, respectively. t, and tg, on the other hand, represent the adjusted time delay offset introduced by the
system to change the position of the "sweet spot". P, is calculated by transforming r into time variables and calculating
t, and tg to determine how much time is required for sound to travel a distance r to the left-most and rightmost sides of
the arena, of the given coordinates in the following equations:

Prr=Lexp(jox(t;+1)/2) Equation 3

Pre=Rexp(-jo*({l;i+1tr)/2) Equation 4

[0034] Accordingly, Py may be written as

Po(r, @) =c * P(t, ®) =c * (P(¢, ) + P(t, ®),) Equation 5

where c is the speed of sound. The audio power of the left side of the stereo audio signal may be written as

P(t, )= Prr + Pri, Equation 6

which may be expanded as

P(t, o) = L*cos(jo * (4 + 11) /2 ) +j * Lsin(jo * (4 + 1) /2 ) +

R¥cos(jo* (;+ 1)/ 2)-j* R¥sin(jo*x ({t;+1)/2) Equation 7

[0035] Similar to Equation 6, the audio power of the right side of the stereo audio signal may be written as

P(t, o), = Prr + Prg, Equation 8

which may be expanded as

P(t, ), = L¥cos(jo * (t,+ tr) / 2 )+ * L¥sin(jo * (&, + tr) /2 ) +

R¥cos(jo * (t,+1g)/2)-j* R¥sin(jo * (t,+1r)/2) Equation 9

[0036] Though the above process is described for a stereo system, the process may be extended for 5.1, 7.1, and
11.1 systems.

[0037] FIG. 6 is a flow diagram of method steps for determining audio parameters for producing a sweet spot at a
desired location, according to various embodiments. Although process steps are described in conjunction with the
computing device 100 of FIG. 1 and process 500 of FIG. 5, persons skilled in the art will understand that any system
configured to implement the process steps, in any order, falls within the scope of the disclosure. In some embodiments,
method 600 may be implemented to determine audio parameters for producing an updated sweet spot at a location
determined by processor 110 at sound localization calculation block 550 shown in FIG. 5.

[0038] At step 610, processor 110 receives an image of a listening environment. For example, the image may be of
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an audience captured at a particular time during an event at a venue. As described above, processor 110 in image
enhancementblock 510 can process the image of the venue to produce a photographically enhanced version of the image.
[0039] Atstep 620, processor 110 generates a crowd-density map (e.g., a heat map) based on the image. For example,
processor 110 at crowd-density estimation block 520 may be trained to process the image to determine the crowd-
density (e.g., number of people per area) for regions visible in the image. Accordingly, processor 110 may produce a
crowd-density map, such as 400 illustrated in FIG. 4.

[0040] At step 630, processor 110 sets one or more audio parameters associated with audio system 160 based on
the crowd-density map. Processor 110 may determine such values using equations similar to or the same as Equations
1-9 described above, for example. The audio parameters have values that configure audio system 160 to produce a
sweet spot at a target location in the venue. For example, the target location may be the updated sweet spot location
provided by processor 110 in process 500. Audio system 160 may generate at least one audio output signal (e.g., to
speakers 220) based on the one or more audio parameters.

[0041] FIG. 7 is a block diagram of a machine learning system 700, according to various embodiments. Machine
learning system 700 may include one or more machine learning or deep learning algorithms. In various embodiments,
machine learning system 700 includes a training module 710 and a machine learning model 720 in the DLCE system
530, described above. DLCE system 530 may access one or more databases that include, among other things, captured
images of venues in various lightning and/or crowd-density conditions. Training data can include data from a large
number of such images in a database.

[0042] FIG. 8 is a block diagram of a machine learning model 800, according to various examples. Machine learning
model 800 may be the same as or similar to machine learning system 700 illustrated in FIG. 7. Machine learning model
800 includes any of a number of functional blocks, such as random forest block 810, support vector machine block 820,
graphical models block 830, and convolutional neural network block 840, which may be applied to a deep neural network
model such as DLCE system 530, for example. Random forest block 810 can include an ensemble learning method for
classification that operates by constructing decision trees at training time, such as for training using images of venues
(e.g., with and without an audience and in various lighting conditions). Random forest block 810 can output the class
that is the mode of the classes output by individual trees, for example. Random forest block 810 can function as a
framework including several interchangeable parts that can be mixed and matched to create a large number of particular
models. Constructing a machine learning model in such a framework involves determining directions of decisions used
in each node, determining types of predictors to use in each leaf, determining splitting objectives to optimize in each
node, determining methods for injecting randomness into the trees, and so on.

[0043] Support vector machine block 820 classifies data for machine learning model 800. Support vector machine
block 820 canfunction as a supervised learning model with associated learning algorithms thatanalyze data and recognize
patternsinimages, used for classification and regression analysis. For example, given a set of training data, each marked
as belonging to one of two categories, a support vector machine training algorithm builds a machine learning model that
assigns new training data into one category or the other.

[0044] Graphical modelsblock 830 functions as a probabilistic model for which a graph denotes conditional dependence
structures between random variables. Graphical models provide algorithms for discovering and analyzing structure in
distributions and extract unstructured information. Applications of graphical models include information and/or image
extraction from images, image object recognition, and computer vision, just to name a few examples.

[0045] Convolutional neural network block 840 functions as an operator for analyzing visual imagery for image en-
hancement and deep learning. For example, convolutional neural network block 840 may be used with image enhance-
ment block 510 for pre-training images of venues. Convolutional neural network block 840 may be used to process an
image of an audience to determine the crowd-density for regions visible in an image and can learn to extract primitive
image features such as object edges, object corners, and so on. Convolutional neural network block 840 may be any
type of neural network or machine learning algorithm.

[0046] In sum, various embodiments set forth techniques and system architectures that allow for a sound system of
avenue to dynamically determine audio parameters that produce a sweet spot at alocation thatdepends on the distribution
of the audience in the venue. Some techniques include receiving an image of a listening environment and generating a
crowd-density map based on the image. The techniques further include setting one or more audio parameters associated
with an audio system based on the crowd-density map. At least one audio output signal may be generated based on
the one or more audio parameters.

[0047] At least one advantage and technological improvement of the disclosed techniques is that a sweet spot can
be produced at a location that is based on audience distribution. In addition, the location of the sweet spot may be
changed in real-time, in response to changes in the audience distribution.

1. In some embodiments, a method comprises receiving an image of a listening environment; generating a crowd-
density map based on the image; and setting at least one audio parameter associated with an audio system based
on the crowd-density map, wherein at least one audio output signal is generated based on the at least one audio
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parameter.

2. The method of clause 1, wherein setting the at least one audio parameter comprises: determining a target location
in the listening environment based on the crowd-density map; determining values for the at least one audio parameter
to configure the audio system to produce a sweet spot at the target location; and setting the at least one audio
parameter based, at least in part, on the values.

3. The method of any of clauses 1-2, wherein the location for the sweet spot corresponds to a centroid of the crowd-
density map.

4. The method of any of clauses 1-3, further comprising enhancing the image of the listening environment via a
convolutional neural network to generate an enhanced image, wherein the convolutional neural network is trained
with (i) a first training image of the listening environment illuminated by a first level of light and (ii) a second training
image of the listening environment illuminated by a second level of light greater than the first level of light.

5. The method of any of clauses 1-4, wherein generating the crowd-density map further comprises: detecting, via
at least one machine learning algorithm, at least one physical feature of individual persons included in the image of
the listening environment; determining a crowd density based, atleastin part, on the physical features of the individual
persons; and generating the crowd-density map using the crowd density.

6. The method of any of clauses 1-5, wherein the at least one audio parameter comprises at least one of phase and
power of a signal of the audio output.

7. The method of any of clauses 1-6, further comprising dynamically modifying the at least one audio parameter in
response to a change in the crowd-density map.

8. The method of any of clauses 1-7, wherein determining the location for the sweet spot in the listening environment
further comprises converting pixel locations in the crowd-density map to a real-world coordinate system based, at
least in part, on physical dimensions of the listening environment.

9. In some embodiments, a system comprises: a memory storing an application; and a processor that is coupled to
the memory and, when executing the application, is configured to: receive an image of a listening environment;
generate a crowd-density map based, at least in part, on the image; and set at least one audio parameter associated
with the system based, at least in part, on the crowd-density map.

10. The system of clause 9, wherein the processor is further configured to: determine a sweet spot location in the
listening environment based, at least in part, on the crowd-density map; determine at least one value for the at least
one audio parameter to configure the audio system to produce a sweet spot at the sweet spot location; and set the
at least one audio parameter based, at least in part, on the at least one value.

11. The system of any of clauses 9-10, wherein the processor is further configured to enhance the image of the
listening environment via a convolutional neural network to generate an enhanced image, wherein the convolutional
neural network is trained with (i) a first training image of the listening environment illuminated by a first level of light
and (ii) a second training image of the listening environment illuminated by a second level of light greater than the
first level of light.

12. The system of any of clauses 9-11, wherein the processor is further configured to dynamically modify in real-
time the at least one audio parameter in response to a change in the crowd-density map.

13. The system of any of clauses 9-12, wherein the crowd-density map comprises a heat map.

14. In some embodiments, a non-transitory computer-readable storage medium including instructions that, when
executed by a processor, causes the processor to perform the steps of: receiving animage of a listening environment;
generating a crowd-density map based, at least in part, on the image; determining a location of a centroid or other
substantially central distribution of the crowd-density map, wherein the location is with respect to the listening
environment; and determining at least one audio parameter based, at least in part, on the location.

15. The non-transitory computer-readable storage medium of clause 14, wherein the instructions, when executed
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by the processor, further cause the processor to perform the step of transmitting the at least one audio parameter
to an audio system.

16. The non-transitory computer-readable storage medium of any of clauses 14-15, wherein the instructions, when
executed by the processor, further cause the processor to perform the step of determining at least one value for the
at least one audio parameter to configure the audio system to produce a sweet spot at the location.

17. The non-transitory computer-readable storage medium of any of clauses 14-16, wherein the instructions, when
executed by the processor, further cause the processor to perform the step of enhancing the image of the listening
environment to generate an enhanced image via a convolutional neural network, wherein the convolutional neural
network is trained with (i) a first training image of the listening environment illuminated by a first level of light and
(ii) a second training image of the listening environment illuminated by a second level of light greater than the first
level of light.

18. The non-transitory computer-readable storage medium of any of clauses 14-17, wherein the processor is further
configured to dynamically modify in real-time the at least one audio parameter in response to a change in the crowd-
density map.

19. The non-transitory computer-readable storage medium of any of clauses 14-18, wherein the crowd-density map
is generated via a neural network.

20. The non-transitory computer-readable storage medium of any of clauses 14-19, wherein the neural network is
trained based on a plurality of training images that include to a plurality of different listening environments, a plurality
of different crowd densities, and a plurality of different lighting conditions.

[0048] Anyand all combinations of any of the claim elements recited in any of the claims and/or any elements described
in this application, in any fashion, fall within the contemplated scope of the present invention and protection.

[0049] The descriptions of the various embodiments have been presented for purposes of illustration, but are not
intended to be exhaustive or limited to the embodiments disclosed. Many modifications and variations will be apparent
to those of ordinary skill in the art without departing from the scope and spirit of the described embodiments.

[0050] Aspects of the present embodiments may be embodied as a system, method or computer program product.
Accordingly, aspects of the present disclosure may take the form of an entirely hardware embodiment, an entirely
software embodiment (including firmware, resident software, micro-code, etc.) or an embodiment combining software
and hardware aspects that may all generally be referred to herein as a "module" or "system." In addition, any hardware
and/or software technique, process, function, component, engine, module, or system described in the present disclosure
may be implemented as a circuit or set of circuits. Furthermore, aspects of the present disclosure may take the form of
a computer program product embodied in one or more computer readable medium(s) having computer readable program
code embodied thereon.

[0051] Anycombination of one or more computer readable medium(s) may be utilized. The computer readable medium
may be a computer readable signal medium or a computer readable storage medium. A computer readable storage
medium may be, for example, but not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or semicon-
ductor system, apparatus, or device, or any suitable combination of the foregoing. More specific examples (a non-
exhaustive list) of the computer readable storage medium would include the following: an electrical connection having
one or more wires, a portable computer diskette, a hard disk, a random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory (EPROM or Flash memory), an optical fiber, a portable compact
disc read-only memory (CD-ROM), an optical storage device, a magnetic storage device, or any suitable combination
of the foregoing. In the context of this document, a computer readable storage medium may be any tangible medium
that can contain, or store a program for use by or in connection with an instruction execution system, apparatus, or device.
[0052] Aspects of the present disclosure are described above with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems) and computer program products according to embodiments of the disclosure.
It will be understood that each block of the flowchart illustrations and/or block diagrams, and combinations of blocks in
the flowchartillustrations and/or block diagrams, can be implemented by computer program instructions. These computer
program instructions may be provided to a processor of a general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the instructions, which execute via the
processor of the computer or other programmable data processing apparatus, enable the implementation of the func-
tions/acts specified in the flowchart and/or block diagram block or blocks. Such processors may be, without limitation,
general purpose processors, special-purpose processors, application-specific processors, or field-programmable proc-
essors or gate arrays.
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[0053] The flowchartand block diagrams in the figures illustrate the architecture, functionality, and operation of possible
implementations of systems, methods and computer program products according to various embodiments of the present
disclosure. In this regard, each block in the flowchart or block diagrams may represent a module, segment, or portion
of code, which comprises one or more executable instructions for implementing the specified logical function(s). It should
also be noted that, in some alternative implementations, the functions noted in the block may occur out of the order
noted in the figures. For example, two blocks shown in succession may, in fact, be executed substantially concurrently,
or the blocks may sometimes be executed in the reverse order, depending upon the functionality involved. It will also
be noted that each block of the block diagrams and/or flowchart illustration, and combinations of blocks in the block
diagrams and/or flowchart illustration, can be implemented by special purpose hardware-based systems that perform
the specified functions or acts, or combinations of special purpose hardware and computer instructions.

[0054] While the preceding is directed to embodiments of the present disclosure, other and further embodiments of
the disclosure may be devised without departing from the basic scope thereof, and the scope thereof is determined by
the claims that follow.

Claims
1. A method comprising:

receiving an image of a listening environment;

generating a crowd-density map based on the image; and

setting at least one audio parameter associated with an audio system based on the crowd-density map, wherein
at least one audio output signal is generated based on the at least one audio parameter.

2. The method of claim 1, wherein setting the at least one audio parameter comprises:

determining a target location in the listening environment based on the crowd-density map;

determining values for the at least one audio parameter to configure the audio system to produce a sweet spot
at the target location; and

setting the at least one audio parameter based, at least in part, on the values.

3. The method of claim 2, wherein the location for the sweet spot corresponds to a centroid of the crowd-density map.
4. The method of claim 1, further comprising enhancing the image of the listening environment via a convolutional
neural network to generate an enhanced image, wherein the convolutional neural network is trained with (i) a first
training image of the listening environment illuminated by a first level of light and (ii) a second training image of the
listening environment illuminated by a second level of light greater than the first level of light.
5. The method of claim 4, wherein generating the crowd-density map further comprises:
detecting, via at least one machine learning algorithm, at least one physical feature of individual persons included
in the image of the listening environment;
determining a crowd density based, at least in part, on the physical features of the individual persons; and

generating the crowd-density map using the crowd density.

6. The method of claim 1, wherein the at least one audio parameter comprises at least one of phase and power of a
signal of the audio output.

7. The method of claim 1, further comprising dynamically modifying the at least one audio parameter in response to
a change in the crowd-density map.

8. The method of claim 1, wherein determining the location for the sweet spot in the listening environment further
comprises converting pixel locations in the crowd-density map to a real-world coordinate system based, at least in
part, on physical dimensions of the listening environment.

9. A system comprising:

a memory storing an application; and
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a processor that is coupled to the memory and, when executing the application, is configured to:
receive an image of a listening environment;
generate a crowd-density map based, at least in part, on the image; and
setatleastone audio parameter associated with the system based, atleast in part, on the crowd-density map.

10. The system of claim 9, configured to perform the method of any of claims 1-8.

11. A computer program product comprising a computer-readable storage medium including instructions that, when
executed by a processor, cause the processor to perform the method of any of claims 1-8.

1"
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